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Abstract
This work focuses on the investigation of single and double quantum dots in two-dimensional
transition metal dichalcogenide tungsten diselenide (WSe2 ) as a means to evaluate the valley
degree of freedom as a potential qubit and ambipolar tungsten diselenide monolayers as
single photon sources. Gate-defined quantum dots in monolayer and bilayer WSe2 were
fabricated and characterized. Single dot devices are gated from above and below the WSe2
to accumulate a hole gas. Temperature dependence of Coulomb-blockade peak height is
consistent with single-level transport. Excited-state transport in the quantum dot is shown
for both monolayer and bilayer devices. Magnetic field dependence of the excited states
in the bilayer devices provides a lower bound for g factors. Ambipolar monolayer WSe2
is integrated into a double dot P-N junction device. Design considerations for double dot
devices are discussed. Early measurements of double dot devices show features in the current
possibly consistent with transport through double dots.
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Chapter 1

Introduction

1.1

Motivation and Objectives

Since the discovery of graphene in 2004 by Geim and Novoselov [1], there have been massive
efforts to find other two-dimensional (2D) layered materials. Transition metal dichalcogenides
(TMDs) have garnered much attention in recent years. Monolayer semiconducting TMDs
have been the subject of intensive investigation into their basic properties. TMDs may also
have potential applications in electronic and optoelectronic devices, taking advantage of a
unique band structure combined with flexible and nearly transparent atomically thin crystals
[2–8]. This work is motivated by a goal to evaluate valley-spin states in transition metal
dichalcogenides as qubits, and in particular to eventually create devices that combine the
ultra-fast gate speeds of optically-controlled quantum dots with the superior coherence of
electrically-defined dots.

1.2
1.2.1

Transition Metal Dichalcogenides
Crystal Structure

TMDs are layered materials with elemental composition of MX2 , where M is a transitional
metal atom such as molybdenum or tungsten and X is a chalcogen atom from the oxygen
column such as sulfur, selenium, or tellurium. Individual layers of TMDs have a hexagonal
lattice structure similar to graphene. However, unlike graphene, where the atoms are all the
same as you go around the hexagonal, TMDs alternate between the transition metal atom
and the chalcogen atom. In TMDs, the metal atom and chalcogen atom are held together by
strong metal-chalcogen covalent bonds but with weak van der waals bonds holding the inter
layers together [6, 9] with interlayer spacing of ∼ 6.5 Å [4, 5]. This weaker interlayer bonding
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enables the mechanical exfoliation of single or few layer crystals from the bulk [10]. Tungsten
Diselenide (WSe2 ) in particular is typically found in the semiconducting 2h phase.

Figure 1.1: a) A side view of 2H-WSe2 . The pink atoms are the top selenium atoms, the
cyan atoms are the tungsten, and the yellow atoms are the bottom selenium. b) A top view
of the hexagonal crystal structure. The pink atoms are selenium and the cyan atoms are
tungsten [11].

1.2.2

Electronic Structure

The electronic structure of TMDs makes them a promising candidate for a wide array of
optical and electrical applications. In general MoX2 and WX2 compounds are semiconducting
whereas NbX2 and TaX2 are metallic [12–17]. Since TMDs share the same hexagonal lattice
′

as graphene they have the same K and K valley structure as graphene. Valleys are local
minima and maxima in the conduction and valence bands. Due to the broken sublattice
symmetry, TMDs have a bandgap [18]. In the bulk, TMDs have an indirect bandgap with
the conduction band minimum located at halfway between Γ and K points in Brillouin zone
and the valence band maximum located at Γ point. The valence band sub-maximum and the
2

conduction band sub-minimum coincides at the K point [2, 12]. As the thickness of the crystal
decreases from the bulk to the few layers, the indirect band gap increases monotonically,
while the direct excitonic energy does not change at the K point. In the 2D limit, the direct
excitonic transition energy becomes larger than the indirect one resulting in the monolayer
TMD becoming a direct band gap semiconductor [3]. Band gap energy for TMDs are in the
range of 1.1-1.9eV [13–17, 19]. Tungsten diselenide has an indirect band gap of 1.2eV in the
bulk and a direct band gap of 1.7eV as a monolayer [16, 20].

Figure 1.2: a) Calculated band structure of WSe2 [21]. A direct band gap is seen at the K
point with energy Eg =∼ 1.7eV. b) Schematic of the WSe2 band structure around the K
points showing the large valley-spin splitting in the valence band [18].
Due to the broken inversion symmetry in monolayers, TMDs have strong spin-orbit coupling
from the effect of the d orbital of the transition metal atom [18, 22, 23]. This leads to large
spin-valley splitting in monolayer TMDs in the valence band (Fig. 1.1 b). In WSe2 monolayers
this splitting has been calculated to be 466meV[21]. In bilayer TMDs the inversion symmetry
is restored and there is no more spin-valley splitting. The splitting can be restored in the
bilayer with a perpendicular magnetic field that artificially breaks inversion symmetry [24].
3

These properties enable novel spintronic and valleytronic devices to be made with monolayer
TMDs, and gate-controlled quantum valleytronic devices are possible in bilayer TMDs subject
to external electric fields [24].

1.3

Valley Qubits

Digital computers operate and store information using bits that are represented as 1s and 0s.
Anything that has two distinguishable states can be used as a bit such as a coin with heads
and tails, a light that is on or off, etc. In modern computers the bits are represented by the
presence or absence of an electrical signal. In “classical” computers the bits exist solely as a
1 or a 0 but never both at the same time. “Quantum” computers also use bits made of two
distinct states, however, these quantum bits, or qubits, can also exist in superposition or the
“1” and “0” states. These qubits are made out of a quantum system, like an electron or photon.
The electron spin degree of freedom has been investigated extensively as a qubit, but spin
and valley states in TMDs may offer a compelling alternative with long-lived valley states
that have been established to be coherent [7, 25–34]. There are already many proposals for
optically and electrically controlled qubits in TMDs [35–42]. For example a lambda system
could be realized with circularly polarized light in the presence of a strong magnetic field.
Additionally, TMDs offer an inherent light-matter interface for control, readout, and coupling
to other quantum systems.

1.4

Methods of Confinement

Confinements sufficient to address valley-spin states of a small number of particles is required
to define a qubit in this context. There has been significant activity in this area that
has focused on quantum emitters localized by defects [43–47], strain [48, 49], and moiré
potentials[50–52]. Particles can also be confined by electric fields through the use of local
gates [53–59]. It has been shown that the valley index stays well-defined in excitons confined
to a region as small as 5nm [28]. A consequence of decreasing the size of TMD quantum dots
4

is an increased mixing of the valleys [60]. Eventually, this mixing would become a limitation
to the lifetime and coherence of valley-spin qubits. At the same time, small dots have a larger
level spacing that makes it easier to address individual levels. Gate-defined quantum dots,
in addition to allowing electronic probes and electrical control of devices, provide a means
to tune the confinement length in valley-based qubits to balance the competing demands of
valley coupling in small dots against impractically small level spacing in large dots.

1.5

Dissertation Overview

In addition to this introduction section, this dissertation has three additional sections and is
compiled based on two individual projects.
Chapter 2 discusses gate defined quantum dots in monolayer and bilayer WSe2 . The fabrication
and measurement of the devices are described as well as additional efforts made towards the
completion of the project. Parts of this chapter have been published in the Physical Review
Applied journal as: S. Davari et al. “Gate-Defined Accumulation-Mode Quantum Dots in
Monolayer and Bilayer WSe2 ”, Physical Review Applied, 13(5) 054058, 2020.
Chapter 3 discusses ambipolar double quantum dots in monolayer WSe2 .
Finally, Chapter 4 concludes the dissertation with a comprehensive summary reviewing all
the chapters and presenting the concluding remarks.
Appendix A lists machine drawings for parts fabricated for the Montana Instruments optical
cryostat and a schematic of the measurement microscope.
Appendix B contains information on the WSe2 monolayer indentation project.
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Chapter 2

Gate-Defined Accumulation-Mode Quantum Dots in Monolayer and Bilayer
Tungsten Diselenide

2.1

Introduction

Certain crystals have two or more inequivalent band extrema that can behave as a psuedospin
useful for defining a qubit. These extrema are referred to as valleys. The first demonstration
of valleys and spin degrees of freedom being used as a qubit was in carbon nanotube quantum
dots [1]. They have also been investigated in silicon quantum dots [2, 3]. Spin and valley
states in transition metal dichalcogenides may offer a compelling alternative with long-lived
valley states that have been established to be coherent [4–14]. There are already many
proposals for both optically and electrically controlled qubits in TMDs. For example, a
lambda system could be realized with circularly polarized light in the presence of a strong
magnetic field [15–22]. Additionally, TMDs offer an inherent light-matter interface for control,
readout, and coupling to other quantum systems [23].
To address valley-spin states of a small number of particles, there must be confinement
sufficient enough to define a qubit in this context. A large effort in this area has focused on
quantum emitters that are localized by strain [24–26], moiré patterns [27–30], or defects in
the crystals [31–34]. It has recently been shown that excitons confined to a region as small
as 5 nm retain a well-defined valley index [8]. As TMD quantum dots are made smaller, the
valleys will become increasingly mixed. Eventually, this mixing would become a limitation to
the lifetime and coherence of valley-spin qubits [35]. At the same time, small dots have a
larger level spacing that makes it easier to address individual levels. Gate-defined quantum
dots, in addition to allowing electronic probes and electrical control of devices, provide a
means to tune the confinement length L in valley-based qubits to balance the competing
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demands of valley coupling in small dots against impractically small level spacing ∆ ∝ 1/L2
in large dots.
TMD single quantum dots defined by gates have been reported for multi-layer WSe2 and
WS2 [36, 37] and few-layer MoS2 [38–40], and a double quantum dot has been reported in
multilayer MoS2 [41]. The results reported thus far have all been in the so-called classical
limit where the temperature, kB T , is much larger than the level spacing, ∆, of the quantum
dot. Because of this, transport through individual levels is not observed and the individual
levels necessary to define a qubit cannot be resolved [42].

2.2
2.2.1

Theory
Coulomb Blockade

In this section we will discuss a simple perspective of Coulomb blockade also known as
single electron transistor theory. We will follow a similar path used by Park [43]. Electron
conductance at the macroscopic level can be described by the well known Ohm’s law. However,
as the objects are made smaller, electron transport through them typically does not follow
Ohm’s law. As the objects are made smaller, effects that are negligible at the macroscopic
size can not be ignored and have non-trivial effects on the conductance. Eventually the size
becomes smaller than the mean free path of the electron. When this happens conduction is
no longer a diffusive process but instead becomes a ballistic one. In the ballistic regime, the
charge carrier experiences no scattering inside the conductor. Additionally, the properties of
the contacts have a much larger effect on the transport through the conductor. Futhermore,
a nanoscale object has a large charge addition energy and a quantized excitation spectrum.
Both of these strongly affect electron transport especially at low temperatures.
The contacts and accumulation gate are capacitively coupled to the quantum dot as seen in
Figure 2.1. Any potential change in the contacts or the gate will change the electrostatic
energy in the dot. Just the contacts are coupled to the dot by tunnel barriers which only
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Figure 2.1: A quantum dot is separated from the source and drain by tunnel barriers. The
dot is capacitively coupled to the source, drain, and accumulation gate.
allows transport of charge carriers between the dot and the contacts. For our devices, we
assume the barrier between the dot and the contacts is opaque enough to form tunneling
barriers. Since the dot is connected to the dot by tunnel barriers it can be assumed that the
charge carrier is either in the dot or in the contacts. The number of charge carriers on the
dot, N , is also assumed to be well defined.

Figure 2.2: Schematic diagram of the energy landscape of a quantum dot.
The energy diagram of the dot is shown in Figure 2.2. The electronic levels in the source and
drain are filled up to the Fermi level of each electrode given as µS and µD . A bias voltage
Vsd is applied to adjust the difference between µS and µD . The discrete energy levels of
the quantum dot are represented by lines. All states below µS and µD are occupied by an
electron and all states above µS and µD are unoccupied.
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If there is an available state inside the bias window between µS and µD an electron can
tunnel from the source onto the dot then to the drain and current will flow through the dot.
However, when there is no available state in the bias window no current will flow. As long as
the electrochemical energy of the dot is below µS and µD the N -th electron will be added. In
order to add one more electron to the dot the next available energy level must also be in the
bias window. The separation between energy levels is ∆E and is assumed to be constant
between all energy levels. Additional charges must also overcome the coulomb repulsion from
the other electrons on the dot. This additional energy is referred to as the charging energy,
Ec . So, in order to add the N + 1-th electron to the dot the electron must have a charge
addition energy, Eadd > Ec + ∆E.

Figure 2.3: a) An energy configuration in which there are no available energy levels in the
bias window no current can flow. b) An energy configuration in which there is an available
energy level in the bias window allowing current to flow.[43]
Figure 2.3 depicts the energy diagram of a single electron transistor. The dot will have N
electron with the levels below the bias window are filled and the levels above the bias window
are open. All the levels below the bias window of the source and drain are filled. The first
dotted line in Figure 2.3a represents the next available energy level, however, it is above the
Fermi level of the source and drain. In this scenario the charge addition energy is too large to
overcome and the current is blocked. Figure 2.3b shows a scenario where an available level is
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Figure 2.4: The linear conductance (G) as a function of the gate bias (VG ) displays the
Coulomb oscillation. Each conductance valley is labeled by the number of electrons on the
dot. [43]
between the Fermi level of the source and drain and inside the bias window. Here an electron
can tunnel from the drain onto the dot then off of the dot into the source. Current will flow
in this case as an electron will continually tunnel on to and off of the dot.
By sweeping the gate voltage,VG , the number of electrons on the dot is changed as the
electrochemical potential of the dot changes linearly with gate voltage. Figure 2.4 shows the
conductance (G) as a function of VG at a low bias. The conductance shows a series of peaks
and valleys. In the valleys, the number of electrons on the dot is fixed and the charge addition
energy prevents any additional electrons onto the dot. The conductance peaks, referred to as
Coulomb oscillations, this plot corresponds to the case where the dot can oscillate between
two adjacent charge states.
In order for Coulomb oscillations not to be lost in thermal fluctuations, the charge addition
energy must be much larger than the thermal energy kB T . Also, in order for the number of
electrons on the dot to be well-defined the resistance of the contacts must be larger than the
quanta of resistance, h/e2 . There are two regimes a single electron transistor can operate in.
The first is the “classical” case where ∆E < kB T , the second is the “quantum” case where
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∆E > kB T . In the classical case, electrons can essentially tunnel through a continuum of
available states. In the quantum case the states the electrons tunnel into can be identified.

2.3

Dilution Refrigerator Wiring

As discussed in the previous section, low temperature is vital to being able to access individual
levels of the quantum dot. In order to reach the low temperatures these measurements require,
a dilution refrigerator is necessary. A large portion of the initial work towards this project
focused on the preparation of the dilution refrigerator. Several elements of the dilution
refrigerator needed to be modified or fabricated to prepare for required measurements.
First, a new coldfinger was designed and fabricated. Design considerations for the coldfinger
included mounts for various electronic filtering and a mount for the motherboard of the device
holder. The initial design of the motherboard was rigid and only allowed in-plane magnetic
field measurements. The second iteration of the design updated the motherboard mount to
be able to be rotated by 90◦ . This allowed both in-plane and out-of-plane magnetic field
measurements

Figure 2.5: a) Sample oriented for parallel magnetic field. b) Sample oriented for perpendicular
magnetic field.
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High quality filtering is required to obtain low electron temperatures, given the difficulty
at mK temperatures of achieving good thermalization between the electrons in the device
and the coldest part of the dilution refrigerator, the mixing chamber. We use a three-stage
approach to filtering the signal from our devices. Each stage focuses on a different frequency
range for noise suppression. The first filter is a two-stage RC filter that focuses on audio
frequencies. This is followed by a seven-stage π filter that filters out radio frequencies. Lastly,
there is a copper powder filter that attenuates microwave frequencies, up to approximately
20 GHz. The filters are shown in Figure 2.6. In addition to filters, wiring was installed to
connect the sample to various measurement equipment outside of the dilution refrigerator.

Figure 2.6: a) Two-stage RC filter (above) and copper powder filter (below). b) Seven-stage
π filter.
An 8T magnet was installed in the dilution refrigerator for magnetic field dependence
measurements. A new inner vacuum can (IVC) was designed to be compatible with the
bore of the new magnet. A custom python driver was written to control the AMI magnet
power supply with our data acquisition software, Labber. The final part of the setup was
the installation of vacuum pumps, lines, and cold traps for the circulation of the helium-3
mixture.
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2.4

Device Design

Because of the relatively large band gap and heavy effective mass in tungsten diselenide
compared to most other materials used for gate-defined quantum dots, two principles guided
the design of our devices: first, gate dimensions were made as small as possible to maximize
∆, and second, metal contacts were brought as close as possible to the entrance and exit of
the dot to avoid the creation of multiple accidental dots in the contact region. Monolayer or
bilayer tungsten diselenide were encapsulated by two hexagonal boron nitride (hBN) and
contacted from below with either gold, palladium, or platinum. The device was then gated
by four confining gates below and one accumulation gate above.
The fabrication of the device begins with the lithography and evaporation of 5 nm of chrome
and 15 nm of gold for the bottom confining gates. The confining gates define a lithography
diameter for the quantum dot of 80-100nm. The chromium is used as a sticking layer so that
the gold doesn’t peel away from the substrate. Mechanically exfoliated bottom hBN is then
used to insulate the confining gates using a poly-carbonate dry transfer. Next the bottom
hBN is patterned using electron beam lithography and the contact metal is deposited using
either thermal or electron beam evaporation. The devices are then annealing in forming gas
(3% H2 in Ar) at a temperature of 200 ◦ C for 3 hours to remove any processing residue from
the bottom hBN.
Monolayer and bilayer flakes were mechanically exfoliated from bulk tungsten diselenide
that was grown by chemical vapor deposition. The monolayers and bilayers were found and
verified using photoluminescence spectroscopy and imaging [44]. Next, the top insulating
hBN and monolayer or bilayer tungsten diselenide are transferred onto the contacts, 5nm
chrome and 40-60nm gold top accumulation gate and bond pads are then patterned and
deposited to finish the heterostructure. Finally, a second annealing step identical to the first
is performed to achieve adequate contact transparency for low-temperature, low frequency
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Figure 2.7: a) An optical image of a completed device. The WSe2 is outlined here in red. b)
A false color SEM image of the full gate stack. The confining gates in are gold, contacts are
in purple, and accumulation gate is in blue.
transport measurements. The configuration of the device underwent a few iterations before
settling on a final design.

Figure 2.8: The full fabrication process in detail
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2.4.1

First Device Strategy

The original device designed used graphite as the contacting material for the WSe2 . hBN and
graphite were transferred onto the confining gates used to define the quantum dot using a PC
based transfer. The hBN ensulates the gates and provides a flat surface for the monolayer or
bilayer WSe2 . The graphite was then etched to form contacts and hBN and WSe2 were placed
on top to form the device. Electrical contact to the graphite was made with the deposition
of Cr/Au bond pads. However, the problem with this procedure is that it is difficult to
produce a cleanly etched hBN/graphite interface. An anneal was attempted to smooth out
the hBN/graphite but the annealing procedure created tears in the graphite and destroyed
the device.

Figure 2.9: First device design

2.4.2

Second Device Strategy

Building on the failures of the first method, a new approach to contacting the WSe2 was
developed. In the new approach, a complete heterostructure stack of hBN/WSe2 /hBN was
transferred onto the confining gates of the device. This was followed by an etch through the
top hBN to deposit contact metal onto the exposed WSe2 . This method also proved difficult
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to be done effectively. The challenging aspect of this strategy is to etch through the top hBN
but stop at the WSe2 layer, which is only three atoms thick. After collecting data on the
etch rates of hBN, WSe2 , PMMA, and ZEP (ebeam resist), using both pure O2 plasma and
O2 /CHF3 etch chemistries, it was determined that, while there is a viable etch window to
etch the hBN and not the monolayer WSe2 the window was small and would require several
attempts before a usable device was produced in this manner.

Figure 2.10: Second device design

2.4.3

Final Device Strategy

The subsequent, and final, device strategy was to pre-pattern the contacts onto the bottom
hBN. The heterostructure was then completed with the transfer of the WSe2 and encapsulating
top hBN. Originally, the contacting metal was Au, however, devices made with gold contacts
showed little to no current through the devices. The next iteration of devices were made with
palladium as the contact metal. Palladium has been demonstrated to make ohmic contact
with WSe2 at low temperature [45]. The palladium contacts were not smooth and had tall,
sharp peaks around the edge of the contacts that tore the WSe2 . Due to the issues involved
with using palladium as the contact metal, platinum was chosen to be the next and final
contact material.
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Platinum has been shown to have low contact resistance and higher carrier mobility with
WSe2 [46].
In addition to the contact metal changes, the accumulation gate design had multiple iterations.
The original device designs had a large accumulation gate on top. The large gate introduced
features in the conductance due to charge carriers being accumulated outside of the dot area.
Later designs were improved by using a smaller accumulation gate. This accumulation gate
is shaped such that holes accumulate only in the dot and contact regions of the WSe2 flake.

Figure 2.11: Final device design

2.5

Results and Discussion

In total there were two monolayer and four bilayer devices measured. The current as a function
of the accumulation gate voltage was the first measurement performed. The monolayer devices
exhibited ambipolar behavior showing both hole and electron transport. However, due to the
high work function platinum contacts the current through the devices heavily favored hole
conduction [47]. Similar behavior was observed in the bilayer devices typically with lower
resistance resulting in a higher current through the device. However, bilayer devices had
negligible n-type current unlike monolayer devices.
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Figure 2.12: I-V curve of one monolayer device. Monolayer devices showed both hole and
electron conduction while favoring hole conduction.

Figure 2.13: I-V curve for a bilayer device. The bilayer devices showed much higher hole
conduction than the monolayer devices while showing no electron conduction.
Conductance features consistent with coulomb blockade were seen in all six devices in differential conductance measurements of bias voltage as a function of gate voltage (accumulation
or confining). Some devices formed quantum dots by only sweeping the accumulation gate. It
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Figure 2.14: Conductance as a function of Vsd and Va for device ML.
is presumed this is because of sufficiently high contact resistance to the device creating tunnel
barriers to the contacts. Figure 2.14 shows an example of one such device. The monolayer
device shows well defined coulomb diamonds for Va > −3.5 V and a more open regime for
lower Va .
Conversely, bilayer devices had low contact resistance with insufficient tunnel barriers to the
contacts preventing the formation of a quantum dot with the accumulation gate alone. To
form the dot, the confining gates were needed to deplete the charges accumulated by the
accumulation gate. In Figure 2.15, coulomb diamonds for one bilayer device can be seen as
a function of Vsd and Vc at an accumulation gate voltage, Va = −3 V. The same voltage is
applied to the confining gates simultaneously.
In Figure 2.14 and Figure 2.15, clear finite bias resonances can be seen (denoted by white
arrows). These resonances appear most prominently in Figure 2.15 at positive bias for the
charge transitions near Vc = 5.4 and 5.7 V. Such features may arise from excited valley,
spin, and/or orbital states in the limit ∆ > kB T , but various extrinsic mechanisms such
as quasi-one-dimensional density-of-states fluctuations in the leads could also give rise to
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Figure 2.15: Conductance as a function of Vsd and VC with Va = −3V.
finite-bias conductance resonances even for∆ < kB T , particularly for devices such as ours
with narrow leads [48–50].
To determine which limit the conductance resonances occur in, look at the temperature
dependence of the peak height of the coulomb blockade. For the single level case the
peak resistance will be roughly linear with temperature while the multi-level case will be
independent of temperature [42, 51].
In this figure observe how the resistance of the coulomb blockade peak heights increase
linearly with temperature. This is consistent with transport through a single level, and it can
be concluded that the finite bias conductance resonances in this bilayer device are excited
states of the quantum dot. It can further be concluded that the conductance resonances in
other devices with the same gate structure are excited states associated with quantum dots.
Conductance resonances could also be associated with density-of-states fluctuations, however,
due to the geometry of the accumulation gate in which Va modulates the carrier density in
the dot as well as the WSe2 covering the contacts, one would not expect the resonances in
the leads to be parallel to the Coulomb-diamond edges.
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Figure 2.16: (a) Conductance at zero bias and zero magnetic field as a function of Va at
temperatures from 2.1K (blue) to 10K (red)for device BL2. The inset shows the Coulomb
diamond associated with the data shown in (a). Peak resistance of the curves in (a) as a
function of temperature. The solid black line is a linear fit.
By applying a magnetic field perpendicular to the WSe2 , the in-plane moments of valley-spin
states in monolayer TMDs are suppressed [52]. This occurs as a result of large out-of-plan
Zeeman-like spin splitting due to spin-orbit coupling in WSe2 [53]. This is applicable to
bilayer TMDs as well because of weak interlayer coupling [15] and spin polarization in the
layers [54, 55].
In Figure 2.17, an excited state, label α, can be seen 0.4meV above ground state, N , at
zero field. In Figure 2.18, this state moves up to an energy of 0.8meV without splitting
after applying a perpendicular magnetic field of 8T. Additionally, an excited state, labeled
β, appears at 0.9meV for the N − 1 charge state, while the ground state conductance is
suppressed. The state labeled γ at the zero field also splits by 1.1meV at 8T. The split
levels are denoted by black dashed lines. On the basis of these energy shifts of EZ = gµB B,
we calculate g factors of 0.8, 1.9, and 2.4 for α, β, and γ, respectively. These estimates
represent lower bounds on the g factors because this method of measurement is insensitive to
intermediate-level crossings that may occur between 0 and 8 T.
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Figure 2.17: Conductance as a function of VSD and Va at zero magnetic field and a temperature
of 50mK for device BL2.

Figure 2.18: Same as figure 2.17 in a perpendicular magnetic field of 8T. Pairs of dashed
lines highlight the levels used to calculate EZ and g factors. For the ground state below β,
the position is inferred by extension from negative bias.
These g factors are not expected to be generic for all WSe2 quantum dots, different even
or odd charge-state pairs within the same dot, or even different levels of the same charge
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state. In addition to dot orbital effects in a perpendicular field, the Zeeman energy in WSe2
hole quantum dots has contributions from spin, valley, and atomic orbital magnetic moments
[56], which in a simple model could individually combine to add to or subtract from the
total moment of a given state [57], or that may each be coupled in complicated ways through
device-specific parameters. While the dominant contribution to spin-orbit coupling in TMDs
is Zeeman-like, Rashba spin-orbit coupling is expected to be non-negligible in aggressively
gated devices [58], and g factors may therefore be dependent on device geometry and electric
fields as well [59, 60].
As TMD quantum dots are made smaller, the valleys will become increasingly mixed. Eventually this mixing would become a limitation to the lifetime and coherence of valley-spin qubits.
Given this it is important to estimate the diameter of the quantum dots. The diameter can
be estimated using the gate capacitance. The change in gate voltage required to add one
hole to the dot is
e
∆Va =
Ca



∆
1+
,
EC

where Ca is the accumulation gate capacitance and EC is the charging energy [61]. For the
charge state labeled N -1 in Figure 2.18, the addition energy is Eadd ≡ EC + ∆ = 4.8 meV.
To obtain ∆, we note that the (N -1)-hole excited state γ at Va = -4.9 V in Fig. 4(a) moves
with Va at the same slope as the boundaries of the diamond and that γ splits in a magnetic
field. These observations strongly suggest that γ is an orbital excited state of the dot with
∆ = 2 meV [50].
With these parameters and ∆Va = 0.32V, the capacitance of the accumulation gate is found
to be Ca ∼ 0.9aF. These devices can be modeled as parallel plate capacitors due to the
device geometry in which the accumulation gate completely covers the dot area. Since,
bBN is between the gate and the WSe2 the relative permittivity of hBN, ϵhBN , can be used.
The permittivity of hBN ranges from 2.5 to 3.5 [62, 63]. For the second bilayer device the
thickness of the top hBN was 7nm. This yields a dot diameter L ∼ 15 − 20nm depending
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on the value for ϵhBN . A similar analysis of the first bilayer device yields a dot diameter
L ∼ 20 − 25nm. Dots of this size are comparable to quantum dots defined by moiré potentials
[27–30] but larger than defect or stain bound quantum dots in TMDs by a factor of 3 − 5
[64]. A particle-in-a-box estimate for ∆ ∼ h̄2 /mL2 is on the order of 1 meV assuming a hole
mass of 0.45m0 [65], which roughly agrees with the zero-field energy of state γ.
Lastly, the number of holes in the dots can be estimated. Hole conduction turns on at room
temperature in these devices at electric fields from the accumulation gate of approximately
0.2 V/nm, and a typical operating point for the dots at low temperature is 0.4 V/nm. In a
parallel-plate approximation, the difference in threshold and operating electric fields, ∆E,
yields a hole density n = ϵ0 ϵhBN ∆E/e ∼ 3 × 1012 cm−2 , and multiplying by the dot area
estimated above yields a hole number that could be expected to lie between 10 and 20. Here
the uncertainty is dominated by the use of room-temperature threshold voltage to estimate
the location in gate voltage of zero density.

2.6

Conclusion

A total of six devices, 2 monolayer and 4 bilayer, were fabricated with dot sizes of 50-100nm.
Coulomb blockade was seen in all of the devices at temperatures below 10K. Where one
monolayer and two of the bilayer devices showed conductance resonances consistent with
single-level transport. This was confirmed by the temperature dependence of the peak
height for one of the devices. One bilayer layer device exhibited magnetic dependence on its
peak height implying g-factors ranging from 0.8 to 2.4. In addition to satisfying essential
prerequisites for the development of future electronic and/or optoelectronic qubits based on
valley-spin states in few-layer TMDs, these devices also provide a platform for high-resolution,
fundamental investigations of those states using Coulomb blockade spectroscopy and other
techniques.
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[19] J Pawlowski, D Żebrowski, and S Bednarek. Valley qubit in a gated MoS2 monolayer
quantum dot. Physical Review B, 97(15):155412, 2018.
[20] Alessandro David, Guido Burkard, and Andor Kormányos. Effective theory of monolayer
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valley excitons in MoSe2 /WSe2 heterobilayers. Nature, 567(7746):66–70, 2019.
[29] Evgeny M Alexeev, David A Ruiz-Tijerina, Mark Danovich, Matthew J Hamer, Daniel J
Terry, Pramoda K Nayak, Seongjoon Ahn, Sangyeon Pak, Juwon Lee, Jung Inn Sohn,
Maciej R. Molas, Maciej Koperski, Kenji Watanabe, Takashi Taniguchi, Kostya S.
Novoselov, Roman V. Gorbachev, Hyeon Suk Shin, Vladimir I. Fal’ko, and Alexander I.
Tartakovskii. Resonantly hybridized excitons in moiré superlattices in van der Waals
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in WSe2 /WS2 heterostructure superlattices. Nature, 567(7746):76–80, 2019.
[31] Chitraleema Chakraborty, Laura Kinnischtzke, Kenneth M Goodfellow, Ryan Beams,
and A Nick Vamivakas. Voltage-controlled quantum light from an atomically thin
semiconductor. Nature Nanotechnology, 10(6):507, 2015.
[32] M Koperski, K Nogajewski, A Arora, V Cherkez, P Mallet, J-Y Veuillen, J Marcus,
P Kossacki, and M Potemski. Single photon emitters in exfoliated WSe2 structures.
Nature Nanotechnology, 10(6):503, 2015.
[33] Yu-Ming He, Genevieve Clark, John R Schaibley, Yu He, Ming-Cheng Chen, Yu-Jia
Wei, Xing Ding, Qiang Zhang, Wang Yao, Xiaodong Xu, Chao-Yang Lu, and Pan JianWei. Single quantum emitters in monolayer semiconductors. Nature Nanotechnology,
10(6):497–502, 2015.
[34] Ajit Srivastava, Meinrad Sidler, Adrien V Allain, Dominik S Lembke, Andras Kis, and
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Chapter 3

Double Quantum Dot P-N Junctions in Tungsten Diselenide

3.1

Introduction

A current limitation for quantum processing is the low number of operations a qubit can
undergo before becoming unusable. This is largely due to the quality of the quantum gates.
The gates can be evaluated by a parameter known as gate fidelity. Fidelity is a measure of
how well a gate will perform an operation without any errors. Gates that have a high level of
noise will have low fidelity, while gates with low noise have high fidelity. There are two ways
through which the gate fidelity can be improved; by increasing the coherence time of the
qubit or by reducing the time a gate requires to perform a logic operation. There have been
two different avenues that have been investigated in an effort to improve gate performance.
Optically-controlled quantum dots have exceptionally high gate speeds using picosecond
optical pulses [1]. However, these dots are poorly optimized so the coherence time of the
qubit is small. On the other hand electrically-controlled quantum dots have much longer
coherence times while exhibiting poor gate speeds. TMDs offer an inherent light-matter
interface for control, readout, and coupling to other quantum systems. Through the use of
TMDs the ultrafast gate speeds of optically-controlled quantum dots can be combined with
the superior coherence of electrically-defined quantum dots to create qubit architectures with
high gate fidelity.

3.2
3.2.1

Theory
Ambipolar Tungsten Diselenide Monolayer

Materials such as gallium arsenide (GaAs) and silicon (Si) are not suitable to create gatedefined optically controlled quantum dots because the electrical gates in those structures can
not confine both electrons and holes, instead confining only one or the other. Monolayer
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WSe2 has been previously shown to be ambipolar allowing both p- and n-type regions to be
electrostatically defined in the same flake by electrostatic gates [2, 3]. Electrons and holes can
be confined side by side simultaneously overcoming the limitation of materials traditionally
used in the gate-defined quantum dots, GaAs and Si. As a monolayer, WSe2 has a direct
band gap making it an ideal candidate for use in many optoelectronic devices such as a
photodetector, a photovoltaic device, and a light emitting diode. Double quantum dots in
monolayer tungsten diselenide are expected to join the fields of optically-controlled quantum
dots and electrically-defined quantum dots to utilize the strengths and reduce the limitations
of both architectures.
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Figure 3.1: Current through a tungsten monolayer device as a functions of accumulation
gate voltage. For negative (positive) accumulation gate voltages the tungsten diselenide is
p(n)-type and there is conduction of holes (electrons) through the device.

An ambipolar TMD double quantum dot of this type hosts a spatially indirect exciton. The
lifetime of the excitons can be extended by removing the spatial overlap of the electron
and hole wavefunctions. This has been observed in both III-V quantum wells [4] and TMD
heterostructures [5]. The devices of this type discussed in this paper are expected to have
similar lifetimes while also being able to electrically tune the recombination rate of the exciton
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by adjusting the electron-hole separation. Strong tunneling coupling between the quantum
dots is expected to make the system a bright source of single photons.
3.2.2

P-N Junctions

A P-N junction is a boundary or interface between a p-type and n-type semiconductor,
typically in the same crystal. P-type semiconductors have an excess of holes resulting in
a slight positive charge, while n-type semiconductors have an excess of electrons resulting
in a slight negative charge. P- and N-type regions are created by the method of doping.
Doping can be done by ion implantation, diffusion of dopants, or epitaxy. Another method
to accumulate holes or electrons in a semiconductor is through the use of electrostatic gating
[3]. P-N junctions composed of different semiconductor materials can have a grain boundary
between the two materials causing the electrons or holes to be scattered as they cross the
boundary, thereby, reducing the flows of electrons in the junction.

P

N
ML WSe2

Figure 3.2: A schematic of a possible P-N junction device in monolayer tungsten diselenide.
The accumulation gates are in gold and the contacts in grey.
Following the formation of the P-N junction with no bias applied there is a difference in the
concentration of hole and electrons on either side. Holes from the positive side of the junction
will start to diffuse over to the negative side of the junction and electrons will start to diffuse
from the negative side to the positive side. As the electron diffuses from the negative side to
the positive side there will be a charged donor atom left behind. Subsequently, there will be
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Figure 3.3: A P-N junction in the zero bias regime. On the left in red is the p-type region
with empty holes and on the left in blue is the n-type region with free electrons. In-between
the region is the depletion region.
a build up of a positive region in the negative side from the electron diffusing over to the
positive side. Similarly, there will be a build up a negative region in the position side from
the diffusion of holes into the negative side leaving behind a negatively receptor atom. The
region formed by this is known as the depletion region. Due to this positive space charge
region on either side of the junction, an electric field with the direction from a positive charge
towards the negative charge is developed. The electric field drives the movement, known as
drift, of electrons on the positive side of the junction into the negative side. In this case, the
direction of the drift current is the opposite of the diffusion current.
There are two other regimes that a P-N junction can be in: forward bias or reverse bias.
In the case of forward bias, a positive voltage is applied to the positive region of the P-N
junction while the negative region is connected to ground. The internal electric field of the
junction and the electric field from the applied voltage are in opposing directions. The two
fields add up and the result is a smaller internal electric field, thinning the depletion region.
As the depletion region thins the resistance also decreases.
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Figure 3.4: A P-N junction in the forward bias regime. The electric field from the applied
voltage (pink) opposes the internal electric field (green) reducing the width of the depletion
region and current flows.
In the reverse bias case, the external voltage applied to the junction is reversed. Now, the
internal electric and electric field from the applied voltage are in the same direction resulting
in a larger internal field. The large internal electric field increases the thickness and therefore
the resistance of the depletion region limiting the flow of electrons.

Figure 3.5: A P-N junction in the reverse bias regime. The electric field from the applied
voltage (pink) is in the same direction as the internal electric field (green) increasing the
width of the depletion region and no current flows.
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Electrons flow from the negative side to the positive side with an increase in the voltage.
Holes also behave in a similar way with an increase voltage, flowing from the positive side
to the negative. The result is a concentration gradient of charge carriers between the sides.
Charge carriers will flow from high concentration areas to low concentration areas. The
movement of charge carriers inside the P-N junction is the reason behind the current flow in
the circuit.

Figure 3.6: Graph of the I-V characteristics of a P-N junction. Positive (negative) values of
V correspond to forward (reverse) bias.

Figure 3.6 shows the I-V characteristics of a P-N junction. There are three areas of interest:
zero bias, forward bias, and reverse bias. In the zero bias case there is no external voltage
applied so the potential barrier of the depletion region is too great and current can not flow.
In the forward bias regime, the current increases slowly as the applied voltage thins the
depletion region. Once the applied voltage is large enough to overcome the barrier of the
depletion region, the current rises sharply. For negative bias, the depletion region is increased
and the barrier to the current increases. Reverse saturation current flows in the beginning
as minority carriers are present in the junction. When the applied voltage is increased,
the minority charges will have increased kinetic energy which affects the majority charges.
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This is the stage when the diode breaks down. P-N junctions can also have a number of
optoelectronic applications such as a photodiode in the reverse bias regime, a light emitting
diode (LED) in the forward bias regime, solar cells, and current rectifiers.

3.2.3

Transport in Double Quantum Dots

Transport through single quantum dots was discussed in chapter 2 section 2.2.10. This
section will consider transport through lateral double quantum dots, dots coupled in series.
It will follow a similar path as outlined by Wiel et. al. [6]. As with transport through
single quantum dots, Coulomb blockade plays an important role in double quantum dots.
Electrons can only be added to the dot if there is enough energy to overcome the Coulomb
repulsion between the additional electron and the ones already present on the dot. The
coupling between the two dots can vary in strength. For dots with weak tunnel coupling the
dots form ionic-like bonding while those with strong coupling form covalent-like bonding. In
the ionic bonding case, the electrons are localized to the individual dots. Electrons in dots
that are weakly coupled can hop back and forth between the dots easily, and the electron can
not be considered as a particle in an individual dot. The dots are capacitively coupled to
the the contacts, gates, and each other. There are also tunnel barriers between the contacts
and the dots, and the between the dots themselves. Tunnel barriers need to be transparent
enough for a measurable current to flow but opaque enough that the number of electrons on
each dot stay well defined.
To begin with the classical case where discrete quantum states are not considered will be
described [7, 8]. A bias voltage is applied to the source while the drain is grounded. Using
the electrochemical potentials derived in Wiel et. al. [6], a charge stability diagram can be
constructed with the equilibrium electron numbers N1 and N2 as a function of gate voltage
Vg1 and Vg2 . The electrochemical potentials of the right and left contacts are defined to
be zero when no bias voltage is applied. Hence the equilibrium charges on the dots are the
largest values of N1 and N2 for which both the electrochemical potential of the dots are less
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than zero. If either is larger than zero, electrons escape to the contacts. This constraint, plus
the fact that N1 and N2 must be integers, creates hexagonal domains in the (Vg1 ,Vg2 )-phase
space in which the charge configuration is stable.

Figure 3.7: Stability diagram of a double quantum dot system. (a) The case with small
interdot coupling. (b) The case with intermediate interdot coupling. (c) The case with large
interdot coupling. (d) The equilibrium charge on each dot in each domain is denoted by (N1
,N2 ). The two kinds of triple points corresponding with the electron transfer process (black
circle) and the hole transfer process (open circle) are illustrated in (d). The region in the
dotted square in (b) is depicted in more detail. [6]
Figure 3.7 (a) shows the case when the dots are completely decoupled. For this situation
the gate for one dot has no effect on the other dot and gate only changes the charge on
the dot defined by it. As the coupling between dots is increased the vertices of the square
domains separate into “triple points” and the domains become hexagonal as seen in Figure
3.7 (b). Once the coupling between the dots dominates the other couplings in the device
the triple-point separation reaches a maximum as seen in Figure 3.7 (c). In this case the
two dots behave as a single dot with a charge equal to the sum of the charges on both dots.
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Figure 3.8: Electrochemical potentials in dots and leads in the linear regime. The subscripts
correspond to either the lead (L,R) or to the dot (1,2). Numbers in the parentheses correspond
to the state 0 for the ground state and 1 for the excited state. (a) Electron transfer process
through the ground states of both dots. (b) The same process but in a simpler representation.
[6]
For double quantum dots connected in series, when electrons can tunnel through both dots
a conductance resonance can be seen. This condition is met whenever three charge states
become degenerate. i.e., whenever three boundaries in the honeycomb diagram meet in one
point. Figure 3.7 (d) distinguishes between two kinds of triple points. Triple points with a
filled circle represent a sequence where an electron shuffles through the device from the first
dot to the second. The empty circle in the diagram corresponds to a hole tunneling in the
opposite direction as the electron.
In the quantum case the energy spectrum is discrete. To account for the quantized energy,
the energies need to be included in the electrochemical potentials. Furthermore, the charge
addition energy becomes the charge addition energy plus the energy difference between the
levels of the dots. Figure 3.8 shows a schematic of the electron transfer process through the
ground state of both dots. Here the ground states align with the small bias window in the
linear regime, Vsd ∼ 0, allowing an electron to tunnel from left to right through the dots.
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3.3

Measurement Microscope

For optical measurements of double quantum dot devices, a measurement microscope was
constructed. The microscope is designed to be used for optical excitation of devices and
detecting photon emission. There are two parts to the microscope: the objective unit and
the main body. The objective unit is mounted to translation stage to provide coarse and
fine focusing. Two right angle mirrors are then mounted to the objective to direct the light
to and from the main body of the microscope. The objective is a 50x NIR objective with
working distance of 25.5mm. The main body of the microscope includes a camera and LED
light to view the sample, dichroic mirrors, beam splitters, and single photon detectors. Figure
3.9 is a photo of the microscope setup.

(b)

(a)

Detectors

Mirrors
BS
Dichoric

Camera

LED
BS

Objective

BS

BS

Tube Lens

Figure 3.9: a) Photo of the objective unit. b) Photo of the main body of the microscope.
For optical excitation of the device, a laser beam can be directed into the microscope at beam
splitter (BS) #3. The paths for the incident laser beam and subsequent emission from the
device are shown in Figure 3.10. Beam splitter #2 is used to direct white light from an the
LED to the sample for optical imaging. All the mirrors are silver mirrors from ThorLabs.
Mirrors #1 and #2 will be replace with galvo mirrors in the future so that the laser beam can
be moved around the sample. The dichoric mirror is a short pass filter with a band edge at
625nm. The excitation laser has a wavelength of 532nm, therefore, it is able to pass through
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the dichroic. Tungsten diselenide double dot devices are expected to emit at wavelengths
greater than 700nm, so the emmited light from the device will be reflected by the dichroic
towards the detectors.

Figure 3.10: A schematic of the measurement microscope. The path the laser beam follows is
in red and the emitted photon’s path is in green.

3.4

Device Design

The design for the double quantum dots is similar to that of the single quantum dot. The design
consists of two contacts, two accumulation gates, and in some iterations contact gates. The
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fabrication of all devices began with the lithography and evaporation [Cr(5nm)/Au(15nm)]
accumulation gates. The accumulation gates are separated by a 40nm gap. The small gap is to
reduce the size of the depletion region. Next, the gates were insulated by a polycarbonate (PC)
based dry transfer of a bottom hexagonal boron nitride (hBN) flake. From here the contacting
strategies for the different device designs diverge. The different contacting strategies will be
discussed in more detail in the next sections. A 2hr forming gas (3%H2 in Ar) at 200◦ C was
performed after the lithography and evaporation of the contacts to remove processing residue
for all designs. The monolayer tungsten diselenide was transferred by the same method and
contacted metal electrodes. The heterostructure is completed with a final dry transfer of an
encapsulating hBN flake. Finally, an additional forming gas anneal identical to the first was
performed to increase contact transparency for low-temperature, low-frequency transport
measurements.

(a)

(b)

Figure 3.11: (a) Optical image of a completed double dot device without the bondpads. (b)
A PL image of the completed device.

3.4.1

Design One

In the initial device design, the monolayer tungsten diselenide was contacted from below with
gold contacts. Gold was chosen as the contact metal for a few reasons. First, gold was more
readily available with other evaporators being out of order. Second, while platinum was the
superior contact metal for the previous single dot devices, gold has been demonstrated to
provide decent contact for both p-type and n-type WSe2 . After the transfer of the bottom
47

hBN, the contacts [Cr(5nm)/Au(15nm)] are patterned and evaporated on the hBN. A forming
gas anneal as described in the previous section was performed before the transfer of the
monolayer tungsten diselenide and top encapsulating hBN to remove processing residue.
With the contacts being between the accumulation gates and the WSe2 , the electric field
from the accumulation gates is screened by the contacts, reducing the accumulation of charge
carriers in the WSe2 . Contact gates [Cr(5nm)/Au(35nm)] were patterned and evaporated on
top of the top hBN above the contact regions to increase the accumulation of charge carriers
over the contact regions. The contacts gates are made with thicker gold than the other gates
to ensure that there is electrical continuity as the gates go over the top hBN.

Figure 3.12: First Device Design Schematic

3.4.2

Design Two

Devices that were contacted from below with gold contacts didn’t show any appreciable current
through the devices. The assumption is that the screening of the field of the accumulation
gates by the contacts prevented accumulation of charge carriers above the contact regions and
the tunnel barriers between the contacts and the dot were too large. In the second design,
the contacts were moved so that the WSe2 was contacted from the top and the contact gates
were taken out. The first forming gas anneal was done after transfer of the bottom hBN and
WSe2 . The contacts were then patterned and evaporated on top of the WSe2 . That was then
encapsulated with the top hBN and the second forming gas anneal was completed.
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Figure 3.13: Second Design Schematic
3.4.3

Design Three

From previous work and from others platinum contacts well with p-type WSe2 [2, 9]. A
barrier to high device performance is poor contacting to the n-type side of the monolayer.
Initial tests of n-type contacts were done with silver. In theoretical calculations, silver was
found to have a low Scottky barrier at the silver to WSe2 monolayer [10]. In our tests, silver
poorly lifted off from the substrate. This led to electrical shorting between contacts and/or
gates leaving devices unusable. The determination was made to try indium, as it has been
shown to perform well in contacting n-type WSe2 [11]. For these devices thin contact metal
is necessary for the monolayer to conform to the contacts and reduce the likelihood of tearing
of the monolayer. The tests conducted indicated, thin (<= 20nm) indium did not form a
continuous film but instead formed spheres of indium. Recent studies by a separate group
demonstrated ultra low contact resistance between semimetals and monolayer semiconductors
[12]. A semimetal has a near zero density of states around the Fermi level suppressing the
metal-induced gap states. This leads to the removal of Schottky barriers at the semimetal
to semiconductors interface. For monolayer WSe2 , bismuth was shown to have low contact
resistance. Device fabrication with bismuth was without issue but the device had no current
flow. It should be noted that only one device was made with a bismuth contact, so it would
be remiss to conclude that bismuth is unsuitable for devices of this type.
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3.5

Results and Discussion

One device was measured. Room temperature direct current as a function of the gate voltage,
Vg , at a fixed bias, Vsd , was measured first. The bottom accumulation gates alone were
not enough to populate enough charge carriers to allow current to flow through the device.
Contact gates above the contacts and WSe2 were needed to turn the device on. Figure
3.14 shows the direct current through the device as the contact and accumulation gates
are swept. All gates were swept together and collectively referred to as Vg . The device
exhibited ambipolar behavior, showing current for both p-type and n-type WSe2 , consistent
with previous devices. As with devices discussed in chapter 2, this device heavily favored
hole conduction.
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Figure 3.14: I-V curve of one double quantum dot device. This device showed both hole and
electron conduction while favoring hole conduction.
In a measurement of current as a function of the accumulation gate and confining gate voltages,
features reminiscent of transport through double quantum dots can be seen, particularly
for −6.4V>Vc > −6.8V and −2.5V<Vg < −2V. This measurement was done at a device
temperature of 4K. Quantum dots composed of holes were with features only appearing when
both dots were p-type.
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Figure 3.15: Current as a function of contact gate voltage and accumulation gate voltage.
In Figure 3.16, there are transport resonances that vary along more than one dimension of
gate voltage space, which is suggestive of transport through more than one dot. The confining
gates were held at −6.6V to define the dots while the left and right accumulation gates were
swept. The linear slopes of the feature are suggestive of a quantum dot. The other features
are suggestive of multiple charge states overlapping.
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Figure 3.16: Current as a function of right accumulation gate voltage and left accumulation
gate voltage.
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Figure 3.17: Current as a function of Vsd and Va for a double dot device.
In measurements of source drain bias vs gate voltage, Coulomb diamond-like features can be
seen. However, the diamonds do not fully close suggesting the presence of more than one dot.

3.6

Conclusion

Multiple device designs were developed and implemented. One device that was contacted
from below with gold contacts and gated with additional contact gates was measured. The
device showed ambipolar current, while strongly favoring hole conduction. Preliminary data
of gate vs gate and bias vs gate measurements suggests the formation of quantum dots
however more information is necessary to confirm.
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Chapter 4

Conclusion

4.1

Conclusion

This dissertation focuses on the integration and the optoelectronic properties of two-dimensional
monolayer and bilayer tungsten diselenide and the use of quantum dots to evaluate these
materials as a platform for qubit development.
Chapter 1 titled “Introduction” considers physical and electronic properties of transition
metal dichalcogenides and how those properties make them appealing for qubit architectures.
Chapter 2 titled “Gate-Defined Accumulation-Mode Quantum Dots in Monolayer and Bilayer
Tungsten Diselenide” focuses on the use quantum dots in gated heterostructures to evaluate
valley-spin states in monolayer and bilayer WSe2 for applications as qubits. Conductance resonances consistent with Coulomb blockade were seen in both monolayer and bilayer quantum
dot devices. Transport through single levels is confirmed with temperature dependence of
peak height.
Chapter 3 titled “Double Quantum Dot P-N Junctions in Tungsten Diselenide” discusses
theory and fabrication of double quantum dot devices. Various design considerations are
presented and evaluation. Preliminary data suggests the formation of double quantum dots
in the classical regime, however, further investigation is required to confirm this.
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Appendix A

Montana Instruments CryoCore

A.1

Machine Drawings

Figure A.1: Machine drawing for base plate of CryoCore
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Figure A.2: Machine drawing for back piece of shield for CryoCore
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Figure A.3: Machine drawing for top piece of shield for CryoCore
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Figure A.4: Machine drawing for side piece of shield for CryoCore
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Appendix B

Tungsten Diselenide Indentation Project

B.1

PDMS Exfoliaton and Transfer

Flux grown bulk crystals were mechanically exfoliated onto polydimethylsiloxane (PDMS)
sheets. PDMS was made using the Sylgard 184 silicon elastomer kit with a ratio of 10 : 1
base to curing agent by mass. Pour mixture into clear 1”x1” polystyrene boxes (one batch
fills roughly four boxes). Once mixed allow for PMDS to cure for 24 hours. To prepare the
PDMS for exfoliation, the PDMS undergoes a 30min UV-Ozone surface treatment [1]. After
the UV-Ozone treatment the PDMS is left in air for two hours to let the surface undergo a
partial hydrophobic recovery. The flakes can then be deposited on the PDMS.
Monolayer WSe2 where then found and confirmed through photoluminescence (PL). Cut out
a square of the PDMS around the target flake and place the square on a glass slide to create
a trasnfer stamp. To transfer the flake, engage the substrate and heat the sample to 65◦ C
for 2min then allow to cool back to room temperature. Once the sample has reached room
temperature, disengage the stamp slowly to leave the flake on the substrate. Flakes have
been known to tear while disengaging from what is believed to be equal adhesion of the flake
to the PDMS and PMMA. To make the PMMA stickier and aid in transfer, a brief O2 plasma
treatment can be done. To clean the sample, a 200◦ C vacuum anneal can be performed.
That is not recommended for these samples however, as the anneal can be detrimental to the
PMMA layer.

B.2

Device Design

Fabrication of the devices begins with the lithography and evaporation of Cr/Au (5nm/55nm)
backgates. The two gates 10µm wide the gate to gate separations that range from 200-500nm.
Initial gate designs were shorted for gap widths up to 500µm for beam currents as low as
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(a)

(b)

Figure B.1: (a) An optical image of of device after transfer. The square “doughnut-holes”
can be seen but are covered by gold from incomplete liftoff. (b) A PL image of the flakes
after transfer. The red line indicates where the gate separtation is.
125pA due to proximity exposure. Later designs incorporated a square “doughnut-hole” into
the gates to reduce the overexposure. Gate separations down to 200nm were well resolved
when written with a beam current of 125pA for the new design. PMMA A2 applied to the
substrate by spin coating at 1500rpm for an ∼ 100nm thick resist layer. To complete the
device, monolayer WSe2 is then transferred using the PDMS transfer method described above.
To strain the monolayer, an atomic force microscopy (AFM) cantilever tip is used to created
an indent in the flake.
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(a)

(b)

(c)

(d)

Figure B.2: (a) WSe2 monolayer in red is transferred on to PMMA (purple) back gates (gold).
(b) An AFM cantilever tip is positioned above the gap in the gates. (c) The AFM cantilever
tip is pressed into the flake and PMMA to indent the WSe2 . (d) The AFM cantilever tip is
raised from the sample leaving the flake indented.
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